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Flame Spray Thermal Spray coatings are low-cost, high-wear surface-treatment technologies. However,
little has been reported on their potential effects on cast automotive aluminum alloys. The aim of this
research was to investigate the tribological properties of as-sprayed NiCrBSi and WC/12Co Flame Spray
coatings applied to two cast aluminum alloys: high-copper LM24 (AlSi8Cu3Fe), and low-copper LM25
(AlSi7Mg). Potential interactions between the mechanical properties of the substrate and the deposited
coatings were deemed to be significant. Microstructural, microhardness, friction, and wear (pin-on-disk,
microabrasion, Taber abrasion, etc.) results are reported, and the performance differences between
coatings on the different substrates were noted. The coefficient of friction was reduced from 0.69-0.72 to
0.12-0.35. Wear (pin-on-disk) was reduced by a factor of 103-104, which was related to the high surface
roughness of the coatings. Microabrasion wear was dependent on coating hardness and applied load.
Taber abrasion results showed a strong dependency on the substrate, coating morphology, and
homogeneity.
Keywords hardness, microscale abrasion, non-ferrous met-
als, thermal spray coatings, three-body abrasion,
two-body abrasion
1. Introduction
Thermal spraying is an advanced surface technology for
the production of wear, corrosion, and heat-resistant
coatings. These surface treatments can be applied as a
single- or multiblend coating in homogeneous or func-
tionally gradient structures (Ref 1). Thick coatings
(>1 mm) can be applied over a large area at very high
deposition rates, compared with other coating processes
such as electroplating, physical vapor deposition (PVD)
and chemical vapor deposition (CVD). In addition, these
environmentally friendly technologies have been identi-
fied as excellent alternatives (Ref 2, 3) to the highly toxic
(Ref 4) hard chrome plating (HCP) process, traditionally
used in the automotive, aerospace, and mining industries.
These surface treatments have been shown to have 5-10
times lower human health impacts and 30-50 times lower
ecosystem impacts than the HCP process (Ref 5). When
applied to cast aluminum alloys, they offer the potential of
a cost-effective solution with superior wear-resistant sur-
faces.
Thermal spray technologies include High Velocity Oxy-
Fuel (HVOF), a range of plasma spray systems, cold/warm
spraying, detonation gun, and flame spraying (FS) methods
(Ref 6). These thermal spray processes allow for applica-
tion of a large array of metals, metal alloys, polymers, and
ceramics to almost any bulk material, with flame temper-
ature and particle velocity being the controlling parame-
ters. Significant performance limitations arise as a result of
coating quality (porosity, hardness, and adhesive strength),
materials costs, and process efficiencies. In particular,
porosity can have a substantial impact on the mechanical
properties of the coating by imparting anisotropic prop-
erties to the coating. This relationship has been quantified,
empirically, through the following equation (Ref 7):
Sp ¼ SoebP ðEq 1Þ
where Sp is the mechanical property (hardness, Youngs
Modulus, etc.), So is the same property of the bulk
material, b is a constant, and P is the porosity level.
However, these theoretical models, such as described in
Eq 1, are based on idealized microstructures such as uni-
form spherical, cylindrical, or cubic pores arranged in a
cubic array. Therefore, the derived correlations between
the effective properties and porosity often cannot be
extended to real materials with irregular shapes, non-
uniform size, and random distribution of pores. Even then,
an increase in porosity would be expected to have a
reductive effect on the mechanical properties.
In addition, Kobayashi et al. (Ref 8) have shown that
an increase in the hardness:Youngs Modulus ratio (H/Er)
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of a coating results in an increase in wear resistance. Al-
though the majority of these thermal spray systems re-
quire a substantial initial financial outlay, mainly because
of equipment and training costs, FS is a low-cost, envi-
ronmentally friendly, alternative. However, there is a
dearth of publications on the potential of FS coatings,
particularly on cast aluminum alloys (Al-alloys).
FS coatings are generally easy to apply but tend to
develop highly anisotropic properties (Ref 9). This is due
to a number of process-related factors. The stacked-
lamellae structure and related stacking defects generate
specific interlamellar features, mainly voids, and unmelted
particles within the structure, which may or may not be
connected to the upper surface of the deposit (Ref 10).
Vapors, quiescent gases in the vicinity of the substrate
surface, and peripheral decohesions around lamellae
induce interlamellar delaminations. In addition, the rapid
solidification of the particles after impact with the surface
can result in interlamellar microscopic cracking (Ref 11).
The combination of these features generates an inter-
connected network of voids, often leading to poor wear-
resistance properties. In the case of hard coating materials,
such as NiCrBSi and WC/12Co, this can lead to increased
susceptibility to three-body wear mechanisms and a dra-
matic increase in wear (Ref 12).
The aim of this study was to investigate the potential of
low-thickness ( £ 100 lm) FS coatings on improving
the wear-resistance properties of two cast Al-alloys
(Ref 13)—LM24/AlSi8Cu3Fe (high Cu content, and high
hardness) and LM25/AlSi7Mg (low Cu content, and low
hardness). This was achieved by improving coating integ-
rity through reduced porosity, reduced in-flight particle
oxidation via the use of an inert gas, and increased coat-
ing/substrate adhesion.
2. Experimental
Flat panels of two Al-alloys—LM24 (AlSi8Cu3Fe) and
LM25 (AlSi7Mg)—were cast by Alcast Group, Wexford,
Ireland using the gravity die cast process. Compositional
analysis was performed on five samples of each alloy using
a WAS Foundry Master Arc-spark Optical Emission
Spectrometer at CMA, Trinity College, Dublin. Average
compositions are detailed in Table 1. All weighing was
performed on a Sartorius LA230p precision weighing
scale.
2.1 Sample Preparation
Test coupons of both alloys were machined to
50 mm 9 20 mm 9 3 mm. Coupons were then cleaned by
grit-blasting (Ra of 2-6 lm) using a Guyson manual grit
blasting machine and white alumina grit, followed by
5-min immersion in acetone in an ultrasonic bath. Samples
were coated once air-drying was complete.
2.2 Coating Application
Two low-wear FS grade coating materials—NiCrBSi
and WC/12Co—were sourced from Castolin Eutectic
Ireland Ltd. The coatings were applied using a Castolin
Eutectic Castodyn DS8000 Flame Spray gun. The primary
compositional constituents of both FS coating materials
are provided in Table 1. Both powders had a particle size
range of 53-125 lm, which is the industry standard powder
particle size range for FS application. These powders were
produced using the gas atomization process.
To optimize coating deposition, key process parameters
were identified and investigated, based on extensive
Design of Experiments trials. The intersplat cohesive
strength has been shown (Ref 14) to be the principal factor
affecting wear performance, and a strong link has been
shown to exist between surface roughness, intersplat
cohesive strength, and the ratio between in-plane hardness
(HIP) and out-of-plane hardness (HOP) measurements
(Ref 15). Those authors concluded that a lower coating-
surface roughness implied flatter splat morphologies and
greater intersplat cohesive bonds. This produced a more
integrated coating structure, indicated by increased
mechanical properties and reduced difference between the
in-plane and out-of-plane properties measured. Therefore,
high particle speed and in-flight shielding of the molten
particles should promote the deposition of a homogeneous
coating. The DS8000 facilitates, by design, the use of
compressed air to increase the velocity of the in-flight
powder particles. By substituting an inert shielding gas
(Ref 16, 17), such as Argon, for the compressed air, it was
found that there was also an additional reduction in the
amount of in-flight oxidation. A range of powder atomizer
modules (SSM10, SSM20), designed specifically for the
DS8000 unit, were also investigated. The finalized
parameters for each coating are provided in Table 2.
Oxygen and acetylene were maintained at the recom-
mended pressures of 0.45 and 0.05 MPa, respectively.
Nominal coating thickness was 100 lm.
Table 1 Compositions of the cast aluminum alloys and the FS coating materials
Alloy
Nominal composition, wt.%
Al Si Fe Cu Mn Mg Zn Ni Cr B WC Co
LM24 86.0 8.92 1.00 2.11 0.20 0.18 1.13 0.06 0.04 … … …
LM25 92.2 6.53 0.45 0.06 0.10 0.28 0.06 <0.01 0.02 … … …
NiCrBSi … 4-4.5 2.75 … … … … (Base) 15-17 3-3.4 … …
WC/Co … … … … … … … … … … 88(a) 12
(a) WC content comprised 5.41 ± 0.01% carbon (C) with the balance of the 88% made up of tungsten (W)
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Coatings applied to LM24 are denoted with (24) while
those applied to LM25 are denoted by (25).
2.3 Microstructural Analysis
Samples were sectioned, mounted, ground, and pol-
ished to characterize the substrate, coating, and interface.
Samples (1 cm2) were mounted in an Epomet F resin
using a Buehler SimpliMet 3000 Automatic Mounting
Press. The heating/cooling processes were 8 min/4 min,
respectively. Grinding was performed on a Buehler
Metaserv automatic grinder/polisher with pro-rotation at
50 rpm and a total constant pressure of 200 N. Grinding
steps ran for 3.5 min, while polishing and final polishing
steps ran for 3.0 min. Grinding was performed, consecu-
tively, at 240, 600, 800, and 1200 grit paper. This was fol-
lowed by polishing at 9, 6, and 3 lm. Final polishing was
performed using 0.05 lm paste.
Microstructural analysis was performed on a Reichert-
Jung Me3 metallurgical microscope and an Olympus
BX60M metallurgical microscope. Metallographic analy-
sis, coating thickness measurements, and porosity mea-
surements were performed, using image analysis
techniques. A minimum of five samples per system
(coating/substrate alloy) were tested.
2.4 Tribological and Mechanical Techniques
Coated samples were subjected to a number of tribo-
logical and mechanical property tests to characterize the
coatings and determine coating/substrate alloy composite
properties. For all tests which required a cros- sectional
area (csa), the samples were prepared as per Sect. 2.3.
Bond-Strength testing was performed using the Dolly
Pull Test (Ref 18), using a PAT AT101E/20kN Adhesion
Tester from DFD Instruments. A minimum of three
samples per system (coating/substrate alloy) were tested.
The adhesive used was Araldite 2021. Coated samples
approximately 3 cm 9 3 cm were sections from a coated
panel. Samples were ultrasonically cleaned in acetone, and
a 25-mm diameter dolly was then glued to the coated
surface of the sample and allowed to cure for 12 h. The
coupling connector from the actuator was then attached to
the dolly. Pressure was applied, which then was slowly
increased to the actuator within the system until the dolly
detached from the sample. The type of detachment
(cohesive, or adhesive) and the load at failure were noted.
Samples of both alloys and both coating powders were
tested.
Microhardness testing was performed on the coated
samples of both substrate alloys. Both in-plane, HIP (par-
allel to the direction of coating growth) and out-of-plane,
HOP (normal to the direction of coating growth) microh-
ardness measurements were performed. HIP measure-
ments were performed on csa samples of the coated
samples using a Buehler Micromet II microhardness
indenter at a load of 0.3 kg. HOP measurements, also
referred to as composite hardness (Ref 19), were per-
formed using a MicroMaterials Nanotest system. In order
to determine representative average values for the
mechanical properties, 15 tests were performed on each
uncoated/coated system. In the test, the load was increased
in steps until a nominal load of 5000 mN was reached. Two
creep periods of 30 s were performed during the tests: at
maximum load and at the 10% of the lowest load, during
unloading. Corrections of the geometrical defects in the tip
of the Berkovich indenter, thermal drift of the equipment,
and uncertainty of the initial contact were also performed.
Depth-sensing indentation measurements were used to
determine the reduced, or composite, Elastic Modulus
(Er).
Surface roughness (Ra) of the coated panels was mea-
sured on a Diavite Surface Profiler, and signal analysis was
performed using the Asmeto Ag Diasoft software (stan-
dard version 3.20). Evaluation length was 15 mm for all
measurements, and five samples per system (coating/sub-
strate alloy) were tested. Coated samples were placed on a
flat surface, and the profiler tip was applied to a suitable
area. The profiler was then automatically moved along the
surface for the specified distance, and the collected data
were transferred directly to an attached PC, as per ISO
4287. Analysis of the data was then performed, and key
properties were quantified.
Coefficient of Friction (l) dry friction tests were per-
formed using a TE 67 pin-on-disk machine, operating in a
reciprocating pin-on-flat geometry, under 5 N load for
60 min, as per ASTM F 732. The ball was an AISI 5120
grade ball bearing. three samples per system (coating/
substrate alloy) were tested.
Pin-on-Disc wear analysis was performed on a TE 67
pin-on-disk machine, operating in a reciprocating pin-
on-flat geometry. Samples were subjected to a 5 N load at
0.02 m/s over a sliding distance of 60 m. The ball was an
AISI 5120 grade ball bearing. Analysis of the results was
based on Archards equation (Ref 20) (Eq 2)
k ¼ V=FS ðEq 2Þ
where, F is the normal load (N), S is the sliding distance
(m), V is the total wear volume (mm3), and k is the wear
coefficient (mm3/(N m)). A minimum of three samples per
system (coating/substrate alloy) were tested.
Taber Abrasion Wear resistance (ISO EN 438-2) was
estimated from weight loss measurements under Taber
Table 2 FS application settings
Powder Denotation Atomizer module
Argon flow rate,
nlpm
Powder flow rate,
kg/h
Distance,
mm
NiCrBSi f625 SSM20 9 3 300
WC/Co fWC/Co SSM10 9 2 200
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Abrasive Wear. Samples 100 mm 9 100 mm were
machined and coated. 2 Calibrase CS10 abrasive wheels
were used on a Single Model Circular Taber Abraser
(5135) with an Al2O3 abrader/rubber binder; 50 mm
diam., Al2O3 = 165 lm, Ra = 40 lm. Loads of 2.5 and 5.0 N
per wheel were applied, and specimens were rotated at
60 revs/min under the abrasive wheels. During the tests,
room temperature was in the range of 20 C and 25 C and
humidity was between 55 and 70%. Wear was character-
ized gravimetrically by weighing the specimens after 100,
200, 300, 400, 500, 1000, 2000, 3000, 4000, 5000 and every
further 5000 revolutions. Panels 10 cm 9 10 cm of each
alloy were prepared and the surface was ground to a 1200
grit finish. Coatings were then applied to the prepared
panels. Each panel was ultrasonically cleaned in acetone
prior to weighing. Tests were stopped once the substrate
was exposed or after a maximum of 10,000 revolutions (10
cycles). The Taber wear index, TWI (the weight loss in mg
per cycle (1000 revolutions) of abrasive wear), was
calculated from the expression:
TWI ¼ Wb Wað Þ=N ðEq 3Þ
where Wa and Wb are the specimen weights, in mg, after
and before the test, respectively, and N is the number of
cycles (revolutions/1000). Low values of TWI indicate
relatively good abrasion resistance. A minimum of three
samples per system (coating/substrate alloy) were tested.
Microabrasion testing was performed on a Plint TE66
microabrasion tester (Fig. 1) and was used to measure the
effect of rolling contact between an AISI 52100 ball
bearing (R = 13.5 mm) and the surface of the thermal
spray coating. To promote three-body microabrasion wear
in the contact area, a SiC powder, with a nominal particle
size of 8-10 lm, was mixed with distilled water to produce
the slurry. The resultant wear scar (crater) was measured
using a Zeiss Supra 35VP Variable Pressure Field Emis-
sion Scanning Electron Microscope (FESEM). The
geometry of the wear scar was assumed to reproduce the
spherical geometry of the ball, and the wear volume (DV)
may be calculated by measurement of either the crater
diameter (b) or its depth (h), based on the radius of the
ball (R). These calculations are based on the formulae
published by Stack et al. (Ref 21).
For b  R : DV ¼ pb464R ðEq 4Þ
For h  R : DV ¼ ph2R ðEq 5Þ
SiC powder slurry blends were based on a SiC:Water
ratio of 0.025 g SiC/ml H2O. Three loads were applied : 1,
3, and 5 N and each experiment was performed for 2500
revolutions, equivalent to a sliding distance of 212 m, with
a slurry flow rate of 100 lL/min. A minimum of three
samples per system (coating/substrate alloy) were tested.
3. Results and Discussion
Microstructural analysis was performed on samples of
each coating/substrate system. As can be seen in Fig. 2 the
f625 coatings had relatively low porosity and had excellent
apparent adhesion with the substrate material. Since these
coatings were not fused (flame- or laser-remelting), high
levels of particle oxidation and porosity were expected in
the microsections. However, in the samples viewed, this
was not the case which suggested that the incorporation of
argon during deposition reduced the interaction between
oxygen and the molten in-flight particles. In addition,
coating thickness variations were low, implying the
achievement of good quality coatings.
In contrast, the fWC/Co coatings had high levels of
porosity with separation of the WC and Co phases. It has
been suggested that the Co-phase is an amorphous phase
comprising W, C, Co, and oxygen (Ref 22). The devel-
opment of this phase, along with extensive porosity,
undermines the integrity of the coating and can increase
susceptibility to wear degradation. However, the high-
volume presence of WC particles at the surface would
suggest that the surface hardness would be high, based on
the high measured hardness values of these WC/Co par-
ticles (Table 3). However, phase separation in these
Fig. 1 Plint TE66 Micro-Abrasion Test Rig (a) schematic (b) photograph
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coatings results in high surface roughness, which would
reduce the effective contact area in wear environments,
particularly at lower loads.
Surface hardness has been strongly linked to superior
wear properties, while some authors have found a linear
relationship between wear and a hardness/Elastic Modu-
lus ratio (Ref 23, 24). As can be seen, there are substantial
differences between the in-plane (HIP) and out-of-plane
(HOP) hardness results. These were possibly related to
reduced intersplat cohesive strengths, caused by the
effects of high-porosity levels, defined intersplat boundary
regions, in-flight oxidation, and low coating thickness
which, for these coatings, was generally <100 lm. While
the low-porosity (f625) coatings differ in HIP/HOP hard-
ness by a factor of 3, the higher-porosity (fWC/Co) coat-
ings differ by a factor of 10-20. The anisotropy in the f625
coatings was most likely due to porosity and the lamellar
structure of the coating (Ref 25). The high-porosity levels
in the fWC/Co coatings may account for this anisotropy
(Eq 1). High Ra values, although reducing the contact area
between contra-surfaces, can lead to an increased chance
of transition from two-body to three-body wear (Ref 26),
even at higher loads. As a result of the increased hardness
and surface roughness of the coatings, both coatings
indicated friction coefficients approximately 67% lower
than the uncoated alloys (lLM24 = 0.69, lLM25 = 0.79).
The properties of the f625 coating compare well with
published results. Various authors have reported hardness
values of 5.98 GPa (Ref 27) (on mild steel) and 11.77 GPa
(on AISI 1015 mild steel) for FS NiCrBSi coatings. Serres
et al. (Ref 28) reported HIP hardness values of
10.08 ± 0.72 GPa, and Er values of 119.89 GPa for NiC-
rBSi coatings applied to C38 steel using a hybrid APS
system (APS + in situ laser remelting). Gonza´lez et al.
(Ref 29) reported hardness values of 8.83 GPa, which are
lower than the values presented here. However, the sur-
face roughness (Ra) of the fused coatings was very low
(0.44 lm). This is probably due to a reduction in the
presence of phases such as dendritic/interdendritic
Ni-phases and Cr-particles, which have been shown to
increase the hardness and wear resistance of these coat-
ings (Ref 30). Higher coating hardness has been associated
with the as-deposited microstructure of these coatings,
because of the presence of unmelted particles. Bergant
et al. (Ref 31) reported that increases in coating adhesion
could be achieved by heat treatments at high temperature,
though this was dependent on the substrate material as
1080 C was reported as being the minimum effective
temperature. A higher coating hardness would be
expected since no post-deposition fusing of the f625
coating was performed, because of the low thermal sta-
bility of Al-alloys and related concerns with regard to
sample deformation.
The deposited fWC/Co coatings were very porous and
had a biphasic structure. This resulted in the development
of a hard WC layer at the surface which interfered with
the development of the coating thickness. As a result,
Fig. 2 Typical microstructures of the homogeneous f625 coating
and biphasic fWC/Co coatings
Table 3 Tabulated results for the mechanical testing of the coated and uncoated samples
Coating Alloy
Microhardness, GPa
Er, GPa l Ra, lm Coating thickness, lm Porosity, %HIP HOP
f625 LM24 3.32±0.05 9.76±0.57 57.02±1.71 0.33 8.18 80.2±3.2 4.55±0.7
LM25 4.37±0.06 10.25±0.75 80.84±15.36 0.12 8.31 81.7±2.8 3.38±0.5
fWC/Co LM24 1.16±0.02 16.08±2.67 33.29±3.66 0.30 11.13 98.9±19.9 9.08±1.2
LM25 1.35±0.01 16.78±2.03 42.77±1.71 0.29 11.43 99.7±10.9 7.39±1.1
LM24 had a microhardness of 0.75±0.04 GPa, and LM25 had a microhardness of 0.61±0.02 GPa
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although high HOP values are quoted, the low ratio
between HIP and HOP, combined with low coating density,
suggested that these coatings would perform poorly in
wear testing particularly in the presence of adhesive wear.
The high HOP values were related to the morphology of
the deposited coatings, with predominantly harder WC
particles at the surface and the softer amorphous Co-
phase at the substrate interface. The resultant properties
would suggest that in the presence of predominantly two-
body wear, these coatings would experience very low wear
rates. Similar HOP values have been quoted for WC/Co
coatings applied with other thermal spray processes,
though no equivalent recent reports could be found for FS
WC/Co coatings. In addition, the estimated moduli (Er)
for these coatings (33-43 GPa) were much lower than
those reported for HVOF-applied WC/12Co coatings
(268 GPa), albeit with much lower-porosity levels (0.2%)
(Ref 32). Therefore, the biphasic nature of these deposited
coatings combined with the high-porosity levels suggest
that high wear rates would result from exposure to
aggressive (three-body and adhesive) wear environments.
Taber Abrasion results, shown in Fig. 3, indicated that
there was a strong link between coating integrity and wear
rate. As a result, the f625 coatings displayed much lower
wear rates than the fWC/Co coatings. In addition, there
appeared to be a two-tier wear relationship between the
TWI and Cycles. Initially (TWI <1 cycle), the process
was assumed to be a combination of adhesive wear and
two-/three-body abrasive wear, producing high wear rates
(Ref 23). However, the wear rate of the f625 coatings were
less affected by this transition than the fWC/Co coatings.
This combined wear was most likely associated with the
rubber-binder phase of the Calibrase wheels used in the
test which may have adhered to the surface of the coating,
causing shearing of the surface particles. In addition,
Al2O3 particles were simultaneously released from the
wheels into the contact area. The increased wear of the
two-phase fWC/Co coatings is, therefore, reflective of the
increased size of the solid, predominantly WC, particles at
the surface of these coatings (Fig. 4), in interaction with
the materials of the CS10 wheels. Bonache et al. (Ref 33)
attributed this degradation to coating spallation caused by
subsurface cracking (Ref 33) which resulted in the pull-out
of the WC-phase, exposing the softer amorphous
Co-phase and leading to high initial wear rates. Similar
effects were reported by Gee et al. (Ref 34). The superior
wear performance of the f625 coatings, on both substrates
and at both loads, is related to the more mechanically
homogeneous structure of these coatings (Fig. 5). This
produced good intersplat cohesive bonding and resulted in
a higher Elastic Modulus, combined with lower-porosity
levels and a reduced HIP/HOP ratio. In addition, the
dominant wear process of the fWC/Co coatings was three-
body wear, while adhesive wear seemed to dominate wear
mechanisms in the NiCrBSi coatings. As TWI approached
one cycle, the wear rates reduced dramatically, and it is
suggested that the wear process for both coatings became
predominantly a two-/three-body wear process, dominated
by three-body wear.
Fig. 3 Taber Abrasion results for the FS coatings on LM24 and
LM25 at 2.5 and 5.0 N. Note: Error Bars were calculated as ±1
standard deviation
Fig. 4 SEM image of a typical fWC/Co coating, showing the
amorphous Co-W-C-O splats and the hard WC/Co particles
Fig. 5 SEM image of a typical f625 coating, showing the surface
splat structures and unmelted particles
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As discussed earlier, the integrity of the deposited
coating is strongly dependent on the mechanical proper-
ties of both the coating and substrate materials. Evidence
of this can be seen in Fig. 3. At the lower load (2.5 N),
wear rates of the fWC/Co (24) systems were superior to
the fWC/Co(25) systems. However, increasing the load to
5.0 N caused a dramatic increase in the wear of the fWC/
Co(24) systems and reduced the wear of the fWC/Co(25)
systems. Therefore, at higher loads (5 N), WC and SiC
particle re-embedding is likely to be more predominant in
coatings on the LM25 substrate, resulting in increased
wear resistance (Fig. 6, 7). However, for the f625 coatings,
the softer LM25 substrate resulted in higher wear rates at
the higher loads, whereas the wear rates for the harder
LM24 were very similar for both loads. This suggested that
the coating material controlled the wear process for these
systems (Fig. 8). Reported TWI values (Ref 35) for similar
coatings are much lower than those reported here. How-
ever, these tests were performed with H-22 wheels, which
provide a purely abrasive test environment. For the tests
reported here, the values ranged between 11.4 mg/cycle
(f625(25) @ 2.5 N) and 232.3 mg/cycle (fWC/Co(24) @
5.0 N). These indices again suggest a potentially definable
relationship between the interaction of the coating and the
substrate and the resultant wear properties. In general, it
may be surmised that for cermet coating materials, an
inverse wear rate relationship exists with the sub-
strate hardness and the applied load, while for metallic
coating materials, wear increases as the load increases and
the substrate hardness decreases. However, further
investigation would be required to properly quantify this
relationship.
Recent studies on the transition between low-wear
(two-body) and high-wear (three-body) processes have
begun to focus on the mechanisms occurring at the mi-
crolevel, particularly on thin coatings (Ref 36, 37). Studies
by Adachi et al. (Ref 38) and Stack et al. (Ref 39–41)
looked at the development of, and transition between,
two- and three-body microabrasion processes, in various
material/environmental conditions. In general, it was
found that although the dominating microabrasion process
was three-body wear, slurry starvation at increased loads
could also lead to two-body wear. At low loads ( £ 1 N),
it was shown that mixed-model two-/three-body wear
regimes predominated, while at higher test loads (>1 N),
the wear volumes reduced as wear processes tended to
transition to ridge formation and a pure two-body (rolling)
process, associated with the hardness of the wear inter-
face. This relationship between hardness and microabra-
sion wear processes is important when considering surface
treatments, as higher hardness coatings should lead to
reduced wear. However, it has also been shown that
Fig. 6 SEM photomicrograph and EDS (inset) of wear region of fWC/Co on LM24, showing removal of the coating from the surface
with only the base substrate (LM24) remaining in parts of the wear track
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coarser carbides perform better than finer carbides in
microabrasion (Ref 42, 43). The proposed process suggests
that in microabrasion, the binder phase is removed pref-
erentially, followed by carbide grain pull-out. By corol-
lary, coarser WC grains are more difficult to pull-out
which leads to an improvement in the wear resistance of
these coatings. From the microabrasion results shown in
Fig. 8, a similar process may occur as none of the tested
fWC/Co coatings indicated any wear scar at the end of
testing.
From the limited data published on the effect of
microabrasion on metallic and cermet thermal spray
coatings, the general trend seems to be a increase in wear
volume with increasing load (>3 N) for sliding distances
(Ref 40, 44). In the results presented (Fig. 6), however,
this was not the case for the f625 coatings, as an increase in
Fig. 7 SEM photomicrograph and EDS (inset) of surface of fWC/Co on LM25 showing debris comprising Al2O3 particles and crushed
Al2O3 and WC/Co particles. The alumina (Al2O3) most probably originates from the abrasive medium present in the Taber wheel
Fig. 8 SEM photomicrographs of f625 on LM24 (identical in morphology to f625 on LM25) which suggest that this coating tended to
degrade through abrasive wear during the final stages of the Taber Abrasion test. No substrate was apparent in the wear track
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load caused a decrease in wear rate. It has been suggested
that the wear process in these coatings is in some way
related to fatigue at the intersplat boundaries and at the
pores. A strong relationship between coating durability
(fatigue) and porosity has been cited by other authors
(Ref 45, 46). Therefore, in coatings, such as f625, fatigue
would be expected to be more predominant under low
loads than at the higher, compressive, loads. HVOF-
applied Inconel 625 results (I625) are provided for com-
parative purposes. The mechanical properties of the
Inconel 625 coating material would be similar to those of
the NiCrBSi coating material. As a result, it can be con-
jectured that the superior performance of the HVOF
coatings can be related to the improved microstructural
properties of these coatings, with reduced porosity and
in-flight oxidation, and improved intersplat cohesive
strengths. However, it is interesting to note that, as the
load increases, the performance of both the f625 and I625
coatings approach similar wear rates. This strongly sug-
gests that two-body wear degradation is defined by the
material properties rather than anomalies in the deposi-
tion process (Fig. 9).
As observed with the Taber Abrasion results, a notable
difference was identified between the two substrate alloys
in the microabrasion testing. As can be seen, the perfor-
mance of the coating was strongly dependent on the
properties of the substrate. At lower loads (<3 N), the
coatings on the LM24 (high hardness/high Cu-content)
samples had lower resistance to microabrasive wear than
the coatings applied to the LM25 (low hardness/low Cu-
content) substrate. If this was related to intersplat fatigue
degradation (Ref 14), then it would suggest that during
coating build-up on the harder LM24 substrate, material
rebounding from the surface interfered with the deposi-
tion of subsequent splats while also increasing the tem-
perature differential between the deposited splats and the
depositing splats. This would have a significant effect on
the intersplat cohesive strengths, though it would not
necessarily increase the porosity levels of the coating.
Detection of these anomalies would require more intricate
microstructural analysis, which was not performed in this
investigation, but is recommended for future study. At
loads in excess of 3 N, the wear performances of the
NiCrBSi coatings were similar on both alloys, suggesting a
transition to predominantly two-body abrasive wear.
For the uncoated samples, it has been suggested
(Ref 21) that the LM25 was subjected to greater work-
hardening during the testing, which resulted in lower wear
rates at the higher loads (>3 N). This work-hardening,
along with the potential embedding of the abrasive SiC
microparticles, could account for the improved perfor-
mance of the softer LM25 alloy over the harder LM24
alloy.
The results of the pin-on-disk analysis are given in
Table 4, which compare well with published results (Ref
47, 48). The superior performance of the FS coatings on
both the LM24 and LM25 substrates was evident, with an
average improvement of 3-5 orders of magnitude over the
uncoated substrates. However, unlike the results of the
Taber Abrasion tests, the fWC/Co coatings indicated
superior performance to the f625 coatings. It is surmised
that the smaller contact area of the pin, combined with the
re-embedding of the hard WC/Co particles into the
amorphous Co-phase, provided increased wear resistance.
Unlike the Taber Abrasion and microabrasion results,
however, no substrate-dependency was noted for any of
the coatings.
4. Conclusions
FS coatings were successfully applied to two cast
automotive aluminum alloys (LM24 and LM25), with high
hardness (high Cu content, LM24) and low hardness (low
Cu content, LM25). Coating integrity and performance in
wear testing was strongly dependent on the substrate alloy
and the interaction between the substrate and the coating.
The microstructural integrity of the homogeneous
NiCrBSi coating was improved by incorporating argon as
a tertiary gas in the FS process. However, homogeneous
WC/Co coatings could not be developed on either sub-
strate. As a result, the NiCrBSi coatings were found to
have lower porosity and lower surface roughness values
than the biphasic structure of the WC/Co coatings.
The FS coatings properties indicated a material- and
property-specific dependency on the substrate material.
Fig. 9 Plot of Load vs. Microabrasion Wear Volume, with Error
Bars, for coated and uncoated LM24 and LM25 samples. Note:
Error Bars were calculated as ±1 standard deviation
Table 4 Pin-on-disk analysis giving average Wear
Coefficients for the uncoated and coated substrates
Coating
Wear coefficient, k, mm3,
[N m]21 3 1028
LM24 LM25
… 5110 50,200
f625 3.09 3.23
fWC/Co 0.26 0.26
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The results suggested that, as the coating hardness (Hc)
increased, the effect on the Youngs Modulus decreased.
For the f625 coating, with a Hc of ~ 10 GPa, Er(24) was
approximately 25% lower than Er(25), whereas for the
fWC/Co coating, with a Hc of ~ 16 GPa, the Er values were
much closer in value. This was related to the porosity levels,
which were slightly higher for coatings on the LM24 sub-
strate. Coating bond strengths were all greater than
10 MPa, and all failures occurred adhesively because of de-
cohesion. However, Surface Roughness (Ra) measurements
for these coatings indicated no dependency on the substrate.
High hardness coatings applied to the high hardness (LM24)
substrate resulted in reduced performance in combined adhe-
sive/abrasive test environments. However, improved perfor-
mances for these systems were noted in purely abrasive wear
tests—microabrasion and pin-on-disk. It was found that
the wear rates in the pin-on-disk tests were extremely low. For
the microabrasion testing, nowearscarcouldbe detectedonthe
tested surface. This resistance-to-abrasive wear degradation
was attributed to the high-hardness surface of these coatings.
NiCrBSi coatings had lower hardness than the WC/Co
coatings and performed well in combined adhesive/abra-
sive wear conditions. This was related to the homogeneity
of the NiCrBSi coatings resulting in greater intersplat
cohesive strength.
In two- and three-body microabrasion wear conditions,
the performance of the coating was strongly dependent on the
substrate material, particularly at lower loads. Wear of the
NiCrBSi coatings were high for loads up to 3 N. This was
attributed to intersplat fatigue degradation. However, above
3 N, wear of these coatings decreased dramatically and
approached the wear rates of HVOF-applied Inconel 625
coatings. The low-hardness LM25 alloy underwent embed-
ding of the SiC wear particles and microhardening effects,
which resulted in a reduction in wear as the load increased.
Wear of the harder LM24 alloy increased with increasing load,
implying that the transition from three- to two-body abrasive
wear above a load of 3 N did not occur on these alloys.
Pin-on-disk wear results were independent of the sub-
strate alloy, and substantial improvements, by a factor of
102-104, were achieved with the coated samples.
The harder LM24 sample most closely approximated
Archards equation for wear degradation. The softer
LM25 substrate did not because of embedding of SiC
particles into the contact area, interfering with the natural
wear processes of this material. The coated samples also
did not wear according to Archards equation because of
wear transitions between two- and three-body wear,
adhesive wear and intersplat cohesive failures.
In general,, these results suggested that harder coatings
perform exceptionally well in predominantly abrasive
wear conditions but highlight a potential problem for
these coatings in pure adhesive or combined adhesive/
abrasive wear conditions.
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